In this paper, a longitudinal compression experiment of composites was conducted and the macroscopic failure mode was obtained. Also, the microscopic failure morphologies of longitudinal compression and kink band were observed by using scanning electron microscopy. It can be seen that, under compression, fibers bend and form a kink band, which is the most typical failure mode. Then a micromechanical model of fiber random distribution based on the random collision algorithm, which can reveal the progressive failure mechanism of longitudinal compression considering the kink-band deformation, was established, with two dominant damage mechanisms -plastic deformation and ductile damage initiation of the polymer matrix and interfacial debonding included in the simulation by the extended Drucker-Prager model and cohesive zone model, respectively. Through numerical simulation, the loading and failure procedures were divided into three stages: elastic domain, softening domain and fiber failure domain. It can be concluded that the kink band was a result of fiber instability (microbulking), which is caused by the elastic bending of fibers. The fibers rotate and break into two places, forming a kink band. Then the fibers rotate further until the matrix between the fibers fails and the kink-band breaks and, hence, the composite loses its load-bearing capability.
Introduction
Carbon fiber-reinforced composites are widely used for structural applications in aeronautics, astronautics and navigation. At the design stage, an efficient use of composites requires a complete understanding of their properties and failure mechanisms. In terms of composite bearing and failure, longitudinal compression is a typical loading state and it plays an important role in predicting the damage tolerance of structural components.
Rosen [1] proposed the first model for fiber-reinforced plastic failure under longitudinal compression, which is based on the in-phase micro-buckling of a two-dimensional layered (fibers and matrix) elastic material with no initial imperfection. It is recognized that the in-plane buckling of the fibers places the matrix pre-dominantly in shear. Argon [2] proposed that an initial local fiber misalignment would induce fiber bending and matrix shearing, forcing the material to rotate further in a positive feedback process and leading subsequently to ultimate failure during compression. After that, two approaches, micro-buckling and kinking, are most widely used to explain the essential mechanism of longitudinal compressive deformation and failure, which can be found in the references. Many other authors have also studied this failure mode.
Recent experimental investigations [3] [4] [5] [6] [7] have revealed that such laminates fail owing to the formation of a kink band; the fibers break at two points. This creates a band 10-15 fiber diameters wide inclined at a propagation angle of 5-15° to the horizontal axis, which is shown in Figure 1 . Typical kink-band parameters such as the width (ω), the propagation angle (β) and the rotation angle (α) of the fibers are also shown in this figure. Failure by kink-band formation can be found in many other engineering materials such as non-crimp fabric [8] , wood [9] and paper [10] . Soutis and Fleck [5] tested carbon-epoxy unidirectional (UD) composites under uniaxial compression, using both unnotched and open-hole specimens. The main failure mode observed was fiber micro-buckling in the 0 ply. Vogler and Kyriakides [11] achieved a stable and almost in-plane propagation of kink bands in UD carbon fiber-reinforced polymers, using compression combined with shear. Pimenta et al. [12, 13] investigated the initiation and propagation of kink bands through an experimental study and numerical modeling. Based on the results achieved, the sequence of events and key features for kink-band formation were identified. Also, they developed an analytical micromechanical model for kinkband formation in a UD fiber-reinforced composite, which is based on the equilibrium of an imperfect fiber laterally supported by an elastic-plastic matrix. Gutkin et al. [14] [15] [16] investigated longitudinal compressive failure in notched UD and cross-ply carbon/epoxy specimens. They used a micromechanical finite element (FE) model to investigate the failure mechanisms and generate failure envelopes for fiber-reinforced composites under combined in-plane shear and longitudinal compressive loading. This was verified using an analytical model. Recently, Romanowicz [17] established a periodic unit cell model with non-uniform fiber waviness that is able to reproduce the mechanisms that govern the failure of fiber-reinforced polymers under compression and provide accurate characteristics of micro-buckling.
Although the aforementioned authors have done a lot of research on the failure mechanism of composites under longitudinal compression, an effective comparison between experiment and numerical simulation has not been given in detail. It is the same with specific sequence and mechanism of kink-band deformation. In this paper, a longitudinal compression experiment was conducted and the macroscopic failure mode was obtained. Also, the microscopic failure morphologies of longitudinal compression and kink band could be observed by using scanning electron microscopy (SEM). Then a micromechanical model of fiber random distribution based on the random collision algorithm, which can reveal the progressive damage process and failure mechanism of carbon fiberreinforced composites under longitudinal compression considering the interface and the kink-band deformation, was established, with two dominant damage mechanisms -plastic deformation and ductile damage initiation of the polymer matrix and interfacial debonding included in the simulation by the extended Drucker-Prager model and cohesive zone model, respectively. The finite element method (FEM) analysis could reveal the mechanism of deformation and failure quantitatively.
Materials and methods

Specimen and preparation
The material system used in the experiment was CCF300/5228A (AVIC Beijing Institute of Aeronautical Materials, Beijing, China), and the longitudinal compression test was conducted according to ASTM D3410 [18] . The thickness of all specimens was taken as 2 mm, and the single layer thickness was 0.125 mm. The basic mechanical property testing of the composites was conducted on an Instron 5966 machine (Instron Corporation, Norwood, MA, USA). The load-displacement curve during the loading process was recorded through a data acquisition system, and the specimen strain in the test section was acquired through a strain gauge. The fracture surfaces of failed specimens were examined using SEM (JSM-5800, JEOL, Akishima, Tokyo, Japan), based on which the microscopic damage mechanism was determined.
Test result
The macroscopic loading conditions of the specimens are shown in Figure 2 , and the microscopic failure morphologies are shown in Figure 3 .
The experiment results show that the failure mechanisms of longitudinal compression are quite complex. Simply stated, the longitudinal compressive properties are dominated by fiber properties because, in the experiment, after fiber breakage the composite completely loses its load-bearing capacity.
As shown in Figure 2 , under compressive loading, the fibers bend and form a kink band. This is the most typical A B failure mode. In Figure 3 , there obviously exist fiber breakage, matrix damage and kink band induced by bending, which all resulted from compression. The formation of a kink band leads to extensive interfacial debonding and matrix shear damage. The fibers then gradually lose peripheral support owing to the failure of the interface and the matrix. When the external load reaches a critical value, the fiber matrix completely debonds. Finally, the fibers break and a main crack throughout the cross section occurs.
Microscopic computational model
FEM model
This paper shows the development of a micromechanical model that can reveal the progressive damage process and failure mechanism of carbon fiber-reinforced composites under longitudinal compression considering the interface and the kink-band deformation. This model contains 25 fibers with 56% fiber volume fraction in consideration of both the validity of the model and the amount of calculation, based on the random collision algorithm. The model can capture the stress distribution, damage initiation and evolution more accurately and objectively.
The size of the model is 1 × 1 × 17 mm, which is shown in Figure 4 . Because the length of the model is far greater than the width, the stress distribution in the model is not influenced by the stress concentration at the loading end. The stress-strain responses of this model are similar to the experimental data, and the strength and ductility of different fiber distributions in a model that included 25 fibers remain stable on the whole. These ensure that the size of the model did not influence the model predictions significantly.
The material system of the micromechanical model is CCF300/5228A, and the material properties of the fiber and the matrix used in the model are listed in Table 1 . A 0.1-mm layer of cohesive elements defined in terms of the linear traction-separation law is inserted between the fiber and the surrounding matrix to simulate the interfacial mechanical behavior. Detailed information about the plastic matrix and the cohesive element is shown in Section 3.2.
In the longitudinal compression model, the fiber is the main load-bearing constituent. In order to simulate the mechanical behavior of micro-bulking, the initial fiber misalignment is defined in the FEM model to represent the fiber imperfection. When the stress transferred from the matrix exceeds the strength of the fiber, the fiber will break and lose its bearing capacity in the axial direction. The maximum stress criterion adopted for the fiber is given as follows:
where X t and X c are the tensile and compressive strength of the fiber in the axial direction, respectively. The Young's modulus of the fiber is reduced after the failure criterion is satisfied, as expressed in the following equation:
For the CCF300 carbon fiber, X t = 3500 MPa and X c = 2290 MPa [19] . E f is the elastic modulus of the fiber without damage, d f E is the elastic modulus after being damaged and the coefficient d 1 is the degradation factor; here we used a very small value of 0.01 but not zero in order to ensure the non-singularity of element stiffness. In ABAQUS/Explicit (HKS Inc., Providence, RI, USA), the VUSDFLD was used as a kind of user subroutine in this paper. It can be used to define the behavior of fibers during the process of loading.
The free boundary condition is as follows according to Ref. [12] : one boundary surface of the micromechanical model, which is perpendicular to the fiber direction, is clamped, and the displacement load along the fiber axis is imposed on the other free boundary surface until the micromechanical model becomes damaged and fails.
The fibers and the matrix were meshed with eight-node linear brick reduced integration elements (C3D8R) with an hourglass control, and the interface was meshed with eightnode three-dimensional cohesive elements (COH3D8).
Plastic matrix and the interface cohesive zone
In order to effectively simulate the effect of the yield behavior of the matrix plastic on the kink-band formation under longitudinal compressive loading, this paper used the extended linear Drucker-Prager criterion to predict the yield of the polymeric matrix, which includes the effect of hydrostatic stress on yield behavior [20] . This can be expressed in Equation 2.
where p is the hydrostatic stress, q is the von Mises equivalent stress, r is the third invariant of deviatoric stress, β(θ, f i ) is the slope of the linear yield surface in the p-t stress plane and is commonly referred to as the friction angle of the material, d is the cohesion of the material and K(θ, f i ) is the ratio of the yield stress in triaxial tension to the yield stress in triaxial compression. Ductile criterion is used to predict the damage initiation discriminating between the different triaxial stress states. After the initiation of failure, the damage evolution is controlled by a progressive failure procedure, which is illustrated in Figure 5A . The dashed curve in the figure is the stress-strain response in the absence of damage, while the solid curve represents the damaged response. The damage manifests itself in two forms: softening of the yield stress and degradation of the elasticity, both of which are related to the damage variable D.
In the figure, σ y0 and pl 0 ε are the yield stress and equivalent plastic strain at the initiation of damage, respectively, and pl f ε is the equivalent plastic strain at failure. According to Refs. [21, 22] , for most epoxy matrixes, the parameters of the Mohr-Coulomb model are ϕ = 15° and c = 39.1 MPa, which make the tensile and compressive strength to be σ t = 60 MPa and σ c = 101.9 MPa, respectively. According to Ref. [20] , these parameters can be converted to the parameters of the extended linear Drucker-Prager model by Equation 3: 
The implementation of this stress-displacement concept in a finite element model requires the definition of a characteristic length (L) that is associated with an integration point. The fracture energy is then given as
The material parameters of the matrix are shown in Table 2 . And the equivalent plastic strains at the initiation of damage for uniaxial tension and compression are set to 0.05 and 0.5, respectively [21, 22] . The interface in this paper uses a cohesive element defined in terms of the linear traction-separation law, which relates the separation displacement between the top and the bottom faces of the element to the traction vector acting upon it.
The nominal traction stress vector, t, consists of three components: t n , t s and t t , which represent the normal and two shear tractions, respectively.
In an elastic-linear softening constitutive model, the traction stress vector is defined as follows:
where K ii (i = n, s, t) is the stiffness coefficient corresponding to the three stresses in the cohesive element and ε i (i = n, s, t) is the three strains. The corresponding separations are denoted by δ n , δ s and δ t . Let T 0 denote the original thickness of the cohesive element. The nominal strains can be defined as
The stress-strain relationship of the cohesive element after the fraction is shown in Figure 5B . The traction stress is reduced depending on the interface damage parameter D, which evolves from 0 (in the absence of damage) to 1 (at ultimate failure). The displacement at failure is determined by the fracture energy G, which corresponds to the area under the traction-separation curve.
A quadratic nominal stress criterion is used to simulate the initial damage, which can be represented as 
t t t t t t t t t t
where 0 i t (i = n, s, t) is the interface strength parameters. The power law criterion states that failure under mixed-mode conditions is governed by a power law interaction of the energies required to cause failure in the individual (normal and two shear directions) mode. It is given by
where c i G (i = n, s, t) is the critical fracture energy required to cause failure in the normal, the first and the second shear directions.
The values of the interfacial parameters are taken from Refs. [21, 22] , which are shown in Table 3 .
Results and discussion
Through numerical simulations, the average stress-strain response and the progressive damage process of longitudinal compression can be obtained. The stress-strain curves of the micromechanical model and the macroscopic experiment under longitudinal compressive loading are shown in Figure 6 . The loading and failure procedure can be evidently divided into three stages: elastic domain, softening domain and fiber failure domain. The micromechanical simulation and the macroscopic experiment results can meet well with each other. Contrary to the experimental stress-strain curve, the predicted curve is not smooth. Because ABAQUS/Explicit was used to conduct the quasi-static problem, the fluctuation in the elastic region of the predicted stress-strain curve was induced by the inertia force. After the stress-strain curve reaches the failure region, successive failure occurs in the composite constituents (fiber, matrix and interface) and cracks grow and cross-link in the model. Very violent fluctuations occur in the predicted stress-strain curve. The experimental stress-strain curve was obtained by linking the stress-strain points, which were acquired through a testing machine and a strain gauge, and it was obtained after treatment (through the numerical fitting of the load-time curve and the strain-time curve). So, the experimental stress-strain curve appeared smoother than the predicted stress-strain curve.
Through combining the characteristic points on the stress-strain curve with the corresponding damage states in analysis, the damage initiation and evolution process of the fiber-reinforced composite under a particular load and the sequence of events for the kink-band formation can be proposed. When the stress-strain curve is before point A, it is the elastic domain ( Figure 7A , F and K), and the fibers and the matrix deform elastically. The initial imperfection of fiber misalignment induces a slight bending of the fibers and shears the matrix. When the stress-strain curve reaches point B, it is the primary stage of the softening domain, and the initial interface debonding and matrix cracking occur ( Figure 7B , G and L). As compression continues (point C), the interface debonding further expands ( Figure 7C ) and the matrix yields in shear within an inclined band developed across all the layers along the full model width ( Figure 7H ). The limited support given there to the fibers promotes deflection in a kinked where fibers bend at two points and a band region between them comes into being gradually ( Figure 7M) , with highly curved and stressed regions near the yield band boundaries. The overall stiffness drops suddenly. In the FEM results, owing to the use of numerical stabilization and to the edge effect, the peak load was artificially increased and the transition between the elastic and the softening domains was smooth. As the stress-strain curve reaches point D, it is the peak load of the compression process, the interface completely debonds ( Figure 7D ) and the matrix damages at each position form the main cracks ( Figure 7I ). Fiber rotation increases locally within a widening yield band. Axial fiber bending stresses increase within the maximum bending bands ( Figure 7N ) at its boundaries. Point E represents fiber failure domain. As the fiber curvature increases in the maximum bending bands, their strength is reached and the initial failure occurs at the outer fibers; as the damage propagates inwards, the location and orientation of the yield and the maximum bending bands stabilize, and only fiber rotation increases until the final fiber breaks and the kink-band geometry is fully formed ( Figure 7E , J and O). Figure 8 shows a fairly standard kink band obtained by numerical simulation wherein all the relevant parameters can be effectively defined. ω is the band width, α represents the fiber angle and β is the band angle. This is a typical microscopic unit in actual failure mode. During the kink-band formation, the material constituent damage can be obviously observed, including the interfacial debonding, matrix cracking and fiber micro-bulking. Previously, some researchers [2] considered kinking to be independent from micro-buckling, and they thought that kink band was based on matrix yielding or cracking owing to the initial fiber misalignments and on further phase-shifted rotation owing to the loading. But in our FEM analysis, quite apparent fiber micro-bulking can be gained. During matrix yielding, the fiber gradually loses peripheral support. So it bends to one side owing to the initial imperfection, and this is the phenomenological conclusion. Based on FEM analysis, this phenomenological conclusion is a result of fiber instability (microbulking). Micro-buckling in composites is thought to be caused by the elastic bending of fibers, which is induced by misalignments and loaded by resin matrix material in shear. The fibers rotate and break into two places, forming a kink band. The fibers then rotate further until the matrix between the fibers fails, and the kink-band breaks and, hence, the composite loses its load-bearing capability. So, fiber instability and initial misalignments will both have an effect on the failure behavior under longitudinal compression.
This micromechanical model has aided the design and safe applications of new material constituent matching by predicting the performance of the engineering composite materials. Also, it can be useful in implementing the concept of material design. A particular kind of composite material with optimal performance in order to meet its working requirements can be gained by adjusting the parameters of the mechanical property and their matching of composite constituents through this micromechanical model, so as to provide a theoretical basis for the optimal design and development of composites.
For multi-directional engineering composites, a more complex model whose mechanical properties (stiffness, strength, roughness) are much closer to real engineering composites should be established. The simplest multidirectional composite is the quasi isotropic laminates ([45/0/-45/90] 4s ). In the future, the numerical simulation of quasi isotropic laminates based on the existing modeling of UD composites will be conducted.
Conclusions
Experimental testing and numerical simulation are the most commonly used methods for studying the deformation and failure behavior of composites. In this paper, a longitudinal compressive experiment was conducted. It was concluded that the longitudinal compression properties are dominated by the fiber properties, and under compressive loading the fibers bend and form a kink band, which is the most typical failure mode. Through SEM, it can be seen that the formation of a kink band leads to extensive interfacial debonding and matrix shear damage. Fibers gradually lose peripheral support owing to the failure of the interface and the matrix. Finally, the fibers break and the composite loses its load-bearing capability.
Through FEM analysis, a micromechanical model that can reveal the progressive damage process and failure mechanism of carbon fiber-reinforced composites under longitudinal compression considering the interface and the kink-band deformation was established, and the loading and failure procedure can be evidently divided into three stages: elastic domain, softening domain and fiber failure domain. The detailed damage initiation and evolution process of fiber-reinforced composite constituents under compression and the sequence of events for kink-band formation were also proposed. During kinkband formation, the material constituent damage can be obviously observed. First, the fibers and the matrix deform elastically. Then, the initial imperfection of fiber misalignment induces a slight bending of the fibers and shears of the matrix and then the initial interface debonding and matrix cracking occur. As compression continues, the interface debonding further expands, and the matrix yields in shear within an inclined band developed across all the layers along the full model width. The limited support given there to the fibers promotes deflection in a kinked where fibers bend at two points and a band region between them comes into being gradually, with highly curved and stressed regions near the yield band boundaries. The overall stiffness drops suddenly. As fiber curvature increases in the maximum bending bands, their strength is reached and initial failure occurs at the outer fibers; as the damage propagates inwards, the location and orientation of the yield and the maximum bending of the bands stabilize, and only fiber rotation increases until the final fiber breaks and the kink-band geometry is fully formed, with a large amount of matrix cracking.
It also can be concluded that the kink band is a result of fiber instability (micro-bulking), which is thought to be caused by the elastic bending of fibers, and loaded by the resin matrix material in shear. The fibers rotate and break into two places, forming a kink band. The fibers then rotate further until the matrix between the fibers fails and the kink-band breaks and, hence, the composite loses its load-bearing capability. So, fiber instability and initial misalignments will both have significant effects on the failure behavior under longitudinal compression.
